Abstract. Aluminum is widely utilized in the industrial sector. There are several advantages of aluminum, i.e. good flexibility and formability, high corrosion resistance and electrical conductivity, and high heat. Despite of these characteristics, however, pure aluminum is rarely used because of its lacks of strength. Thus, most of the aluminum used in the industrial sectors was in the form of alloy form. Sustainable machining can be considered to link with the transformation of input materials and energy/power demand into finished goods. Machining processes are responsible for environmental effects accepting to their power consumption. The cutting conditions have been optimized to minimize the cutting power, which is the power consumed for cutting. This paper presents an experimental study of sustainable machining of Al-11%Si base alloy that was operated without any cooling system to assess the capacity in reducing power consumption. The cutting force was measured and the cutting power was calculated. Both of cutting force and cutting power were analyzed and modeled by using the central composite design (CCD). The result of this study indicated that the cutting speed has an effect on machining performance and that optimum cutting conditions have to be determined, while sustainable machining can be followed in terms of minimizing power consumption and cutting force. The model developed from this study can be used for evaluation process and optimization to determine optimal cutting conditions for the performance of the whole process.
INTRODUCTION
Manufacturers as the owners of the machine production will save money and gain a healthier sustainability achievement if their power demands are minimized. However, most of them do not perceive the power efficiency as a major priority to gain higher profits. In fact, it is estimated that two-thirds of the electrical power used by the machining process is utilized to operate motors and drives for cutting tools [1] .
Developing power efficiency of production processes involves the information on the power demand as a means of the machining and cutting process itself [2] . One of the processes generally required in the production is the turning process. Despite of the attempt to maximize this process based on cost and productivity has been made, the inclusion of the power consumption criterion has not perceived as a significant consideration.
Several researchers revealed that the efforts related to the estimation of cutting parameters to reduce power consumption have been carried out. Nevertheless, the effort to investigate the estimation of cutting parameters in order to reduce the power consumed in the turning process of aluminum has not been performed previously. Hanafi et al., estimated the cutting parameters in turning of PEEK-CF30 using TiN tools under dry machining in order to attain minimum power consumption and the best surface quality. Subsequently, Taguchi and gray relational method were used for optimizing the cutting processes [3] . Bhushan also reported an experimental study on the effects of cutting parameters and nose radius in turning of 7075 Al alloy-SiC composite [4] . The cutting parameters were optimized by using Response Surface Methodology (RSM) and desirability analysis to obtain optimum values of cutting parameters that minimize power consumption and maximize tool life. This paper presents several approaches to determine the power consumption during machining. Turning processes was used as experimental machining for aluminum alloy without any cooling system. Estimation of cutting energy or power based on parameters process only captures the energy or power required for material removal and disregards the energy consumption that ensures the readiness of the machine tool. Therefore, in this paper, a comparison was prepared to reveal the correct substance in deciding the response of variables that were analyzed that generated the optimum values of the factors that minimized cutting power or average power consumed in the process. Furthermore, it will provide a recommendation for manufacturers to save energy in production processes, so that sustainability manufacturing could be maintained and improved in the future. The material of this study was aluminum silicon, which is a hard machining in dry cutting due to its high ductility as the material of cutting tool. There have been several studies examining the machining of aluminum alloy, including Roy et al. [5] and Sreejith [6] . The former study investigated the suitability of cutting materials in machining of aluminum and Al Si alloys without cooling [5] . The later declared on the influence of different cooling systems during machining of 6061 aluminum alloy that used diamond-coated carbide tools [6] .
Calculation of Power Consumption
During a machining process, the energy is used to drive components, e.g., CNC control unit, spindle, feed axis, etc., of the CNC machine tool to run a series of operations such as setting up, loading, cutting, automatic tool change, etc. The power profile during machine tool operation was investigated including several types of machining processes [2] . The study showed that the power consumption was not static but rather dynamic during the machining processes. The power curve can be subdivided into three categories: constant power, variable power, and peak power. Peak power is usually short and contributes only a small portion to the cumulated energy consumption, thus, it was not included when calculating the total energy consumption. With consideration of this state, the power consumption can be generally differentiated into variable power and constant power [7] .
Generally, in most of machining centers, the drive capacity of the spindle unit is oversized. It means that the maximum torque is determined two to three times higher than it would have been necessary for the cutting process to reduce the run-up times. Fig. 1 shows the power consumption of the electric drive during such machining cycle.
Gutowski et al. [7] reported that the energy required for the material removal processes could be quite small compared with the total energy for machine tool operation. It was further suggested that the energy footprint for primary processes involved in material fabrication is usually higher than that for secondary shaping processes [9] . Subsequently, Gutowski et al. [7] developed an equation where the electrical power requirement (P) for machining can be calculated (1) . (1) Where, Pm is the power [W] consumed by machining process, Po is the power [W] consumed by all machine modules for a machine operating without loading. The k is the specific energy requirement [Ws/mm3] in cutting operations and k is based on Walsh [10] , the value is 0.7 for aluminum alloy, and is the material removal rate (MRR) in [mm3/s]. The power drawn by a machine tool used a three-phase motor, Po, which is calculated using equation (2). (2) Where V, is the voltage, and I is the current [A] . Po can be estimated as 35% from total power capacity of lathe machine. FIGURE 1. Profile of power for turning processes [8] .
As shown in equation (1), the energy requirement for machining process is in accordance to the power consumed and specific energy in cutting operations. Representative specific energy for different machining materials was explicated by Kalpakjian and Schmid [11] .
EXPERIMENTAL METHOD Experimental Setup
This paper referred to a case study that was carried out by Barzani et.al. [12] . The scheme of the study is demonstrated in Figure 2 . Machining for the experimental study was performed using a CNC lathe machine 2-axes with 8300 W for cutting conditions with specifications as follows: The cutting forces were measured by using three components of dynamometer ( Figure 3 .4), which were connected to the charge amplifier using a highly insulated, low noise, and high impedance connecting cable (Kistler, Type 1689 B5). Meanwhile, the charge amplifier was connected to the PC using common cables where the analogue output and the RS232C ports of the multi-charge amplifier (Figure 3 .5) were connected to the A/D board and the COM ports of the PC respectively.
Materials and Cutting Tool
Materials for the experimental trial was performed on Sb modified Al-11%Si alloy. Details of the material composition are elaborated in Table 2 . The cutting tool for the experiment was a PVD with composition of TiN for coated c with specifications: 0.2 mm nose radius, 5 o relief angle was designated as SVJBL 1616H11, and standard ISO catalog number was VBGT110302F. 
RESULTS AND DISCUSSION

Results
The results of the investigation on the cutting force and power consumption are demonstrated in Figure 3 . It indicated that the minimum power consumption was obtained at low cutting speed and low feed rate while the minimum cutting force was obtained by high cutting speed and low feed rate. In Table 3 , Prob.> F had a value of less than 0.05 which means that the desired model had a significant impact on the response. The following equation was the final equation that generated an empirical model. In the form of actual factors, it can be formulated as follows: 
The output response was influenced by the measurement of input factor. It could be done by modeling the input factors to optimize the selection criteria that would obtain minimum power consumption and cutting force. These criteria would yield the combination of cutting speed and feed rate as sketched in the gray area of the overlay plot (Figure 4.b) . As the solution was the intersection between the criteria for power consumption (contour area below 7.676 kW) and the criteria of cutting force (contour area below 30 N). 
Discussion
Investigation on the turning process of aluminum alloy indicated that the value of cutting force tended to increase in accordance with the increase of feed rate. The reduction of cutting force (Figure 3.b) accompanied by the increase of cutting speed resulted to the dropping shear strength in flow region as the tool temperature increased and the decrease of the contact region in the shear plane caused a more intensive deformation [13] . The other response of power consumption that could be observed clearly was that the power consumption increased in accordance with the increase of feed rate and cutting speed (Figure 3.a) . These results confirmed Bhattacharya et al. in his experimental study that concluded that the power consumption continuously increases in accordance with the increase of cutting speed during the turning of AISI 1045 steel [14] . Similarly, the result of the machining of nickel based alloy Hastelloy C-276 when dry turning represented that the minimum power consumption would be generated on the lower cutting condition [15] . It was obvious that material removal rate would be higher when the cutting speed and feed rate increased. Higher rate of material removal required a higher power to turn the spindle motor. The innovation of this research is a reference for arranging the cutting conditions in accordance with the workpiece material and cutting tools to gain the energy efficiency in the cutting process, in order to achieve a sustainable machining.
CONCLUSION
In this paper, the power consumption of machining untreated Al-11%Si base alloy was evaluated based on material removal rate when dry turning. It also presented that the approach to calculate power consumption during machining was proven to be applicable for particular turning. It was estimated that the approach is also appropriate for other turning processes as it provided a complete dataset of cutting conditions and machinability data. The result of evaluation represented that the minimum power consumption would be obtained by the lower level of cutting parameter.
